Introduction {#Sec1}
============

The gedanken experiment of Maxwell's demon has led to the studies concerning the foundations of thermodynamics and statistical mechanics^[@CR1]^. The demon measures fluctuations of a system's observable and converts the information gain into work via feedback control^[@CR2]^. Recent developments in information thermodynamics have elucidated the relationship between the acquired information and the entropy production and generalized the second law of thermodynamics and the fluctuation theorems^[@CR3]--[@CR6]^. Here we extend the scope to a system subject to quantum fluctuations by exploiting techniques in superconducting circuit quantum electrodynamics^[@CR7]^. We implement Maxwell's demon equipped with coherent control and quantum non-demolition (QND) projective measurements on a superconducting qubit, thereby verifying the generalized integral fluctuation theorems^[@CR8],\ [@CR9]^ and the information-to-work conversion. This demonstrates the potential of superconducting circuits as a versatile platform for investigating quantum information thermodynamics under feedback control, which may find applications to quantum error correction^[@CR10]^ for computation^[@CR11]^ and metrology^[@CR12]^.

The fluctuation theorem is valid in systems far from equilibrium and can be regarded as a generalization of the second law of thermodynamics and the fluctuation--dissipation theorem^[@CR13],\ [@CR14]^. In particular, the generalized integral fluctuation theorem, which incorporates the information content on equal footing with the entropy production, bridges information theory and statistical mechanics^[@CR15]^, and has been extended to quantum systems^[@CR9],\ [@CR16]^. Experimentally, Maxwell's demons were implemented in classical systems using colloidal particles^[@CR4]^, a single electron box^[@CR5]^, and a photodetector^[@CR6]^. More recently, the integral quantum fluctuation theorem in the absence of feedback control was tested with a trapped ion^[@CR17]^. Maxwell's demon and the generalized second law in a quantum system were studied in spin ensembles with nuclear magnetic resonance spectroscopy^[@CR18]^. However, experimental demonstrations of the fluctuation theorems that directly address the statistics of single quantum trajectories under feedback control are still elusive. Toward this goal, recent progress in superconducting quantum circuits offers a QND projective measurement of a qubit^[@CR7]^ and a sufficiently long coherence time^[@CR19]^, which altogether enable high-fidelity feedback operations. For example, stabilization of Rabi oscillations using coherent feedback^[@CR20],\ [@CR21]^, fast initialization of a qubit^[@CR22]^, and deterministic generation of an entangled state between two qubits^[@CR23]^ have been achieved.

Here we verify the generalized integral fluctuation theorem under feedback control by using a superconducting transmon qubit as a quantum system and taking statistics over repeated single-shot measurements on individual quantum trajectories. It is noteworthy that Naghiloo et al.^[@CR24]^ recently reported a related experiment with continuous weak measurement and feedback. We first investigate the role of absolute irreversibility associated with a projective measurement and feedback control^[@CR8]^, and then study the effect of imperfect projection.

Results {#Sec2}
=======

Absolute irreversibility {#Sec3}
------------------------

The fluctuation theorem is formulated by considering a pair of processes, the original forward process and its time-reversed reference process, both of which are assumed to start with the canonical distribution at the same temperature *T*. Figure [1a](#Fig1){ref-type="fig"} illustrates an example of such processes. If we consider an ideal projective measurement and ignore relaxation of the qubit, the fluctuation theorem reads^[@CR8]^ (see also Supplementary Note [1](#MOESM1){ref-type="media"})$$\documentclass[12pt]{minimal}
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                \begin{document}$$\hat \rho _{{\mathrm{ini}}}$$\end{document}$ evolves in time. A projective measurement \[with outcome *x*(=g or e)\] by the demon projects the system onto a quantum state. The demon gains the stochastic Shannon entropy *I*~Sh~ and converts it into work *W* via a feedback operation $\documentclass[12pt]{minimal}
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                \begin{document}$$\hat \rho _{{\mathrm{ini}}}$$\end{document}$. The absolute irreversibility is quantified with *λ*~fb~, the probability of those events in the time-reversed process whose counterparts in the original process do not exist (red dashed arrows). **b** Schematic of the feedback-controlled system in the experiment. The right panel shows a photograph of the qubit-resonator coupled system. The cavity resonator is disassembled to show its internal structure

The constant *λ*~fb~ on the right-hand side of Eq. ([1](#Equ1){ref-type=""}) gives the total probability of those events in the time-reversed process, whose counterparts in the original process do not exist. Such events, which we call absolutely irreversible events, involve a formal divergence of the entropy production and should therefore be treated separately^[@CR8]^ (see also Supplementary Note [1](#MOESM1){ref-type="media"}). Here, the absolute irreversibility is caused by the combination of the projective measurement that restricts possible forward events and the non-ideal property of the feedback operation that makes the backward events random. For example, in the process shown in Fig. [1a](#Fig1){ref-type="fig"}, the projective measurement and the feedback operation, $\documentclass[12pt]{minimal}
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The absolute irreversibility makes a significant contribution to the generalized second law of thermodynamics including the effect of the feedback control. For achieving the ultimate bound on the extracted work $\documentclass[12pt]{minimal}
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                \begin{document}$$\hat \rho _{{\mathrm{ini}}}$$\end{document}$^[@CR3],\ [@CR8]^. However, the projective measurement together with the unoptimized feedback operation prevents it and limits the amount of the extractable work (see Eq. ([4](#Equ4){ref-type=""}) below).

In our experiment, a superconducting transmon qubit (i.e., the system) is placed at the center of an aluminum-made superconducting cavity resonator (Fig. [1b](#Fig1){ref-type="fig"}). The qubit state is controlled with a resonant microwave pulse, which induces Rabi rotation. Owing to the interaction between the qubit and the detuned resonator, the resonance frequency of the resonator varies depending on the qubit state. We utilize this property for the QND readout of the qubit; the ground and excited states are distinguished in the phase shift of a readout microwave pulse reflected by the resonator^[@CR7]^.

Protocol with projective measurements {#Sec4}
-------------------------------------

Figure [2a](#Fig2){ref-type="fig"} shows the sequence of the experiment corresponding to Fig. [1a](#Fig1){ref-type="fig"}. The qubit is initialized with a projective measurement and postselection, followed by a resonant pulse excitation, which prepares as an input a superposition state $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm{ln}}\left( {\left| {\alpha _{\mathrm{g}}} \right|^2{\mathrm{/}}\left| {\alpha _{\mathrm{e}}} \right|^2} \right)$$\end{document}$ after the projection, where ℏ*ω*~q~ is the qubit excitation energy.Fig. 2Generalized integral fluctuation theorem under feedback control. **a** Pulse sequence used in the experiment. The qubit is initialized with a projective measurement and postselection, followed by a resonant pulse excitation which prepares the qubit in a superposition state as an input. The two-point measurement protocol (TPM) involves two quantum non-demolition projective readout pulses. Depending on the outcome *x* of the first readout (*x* = g or e corresponding to the ground or the excited state of the qubit), a *π*-pulse for the feedback control is or is not applied. The *π*-pulse flips the qubit state to the ground state and extracts energy. The second readout with outcome *z* completes the protocol. See the Supplementary Note [2](#MOESM1){ref-type="media"} for details. **b** Experimentally obtained statistical averages $\documentclass[12pt]{minimal}
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We evaluate the work *W*(*x*, *z*) = *E*(*x*) − *E*(*z*) extracted from the system by employing the two-point measurement protocol (TPM), in which QND projective measurements on the energy eigenbasis with outcomes *x*( = g or e) and *z*( = g or e) are applied respectively to the initial and final states of the system^[@CR14]^. Here *E*(g) and *E*(e) denotes the energies of the qubit in the ground and excited states, respectively. Depending on the measurement outcome *x* for the feedback control, the feedback operation does or does not flip the state of the qubit with a *π*-pulse. A positive amount of the work (*W* \> 0) implies that the energy is extracted from the system via the stimulated emission of a single photon induced by a *π*-pulse, which flips the qubit state. The probability *p*(*x*) of the state *x* being found gives *I*~Sh~(*x*) = − ln *p*(*x*).
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                \begin{document}$$\left\langle W \right\rangle _{{\mathrm{PM}}}{\mathrm{/}}\hbar \omega _{\mathrm{q}}$$\end{document}$ (magenta circles), extracted in the protocol. Depending on the effective temperature of the qubit initial state, the probability of the absolutely irreversible events varies. The excellent agreement between theory and experiment confirms the generalized integral fluctuation theorem under feedback control. Furthermore, the relation in Eq. ([1](#Equ1){ref-type=""}) is proven to hold for any initial effective temperature of the qubit, even at negative temperatures. The smaller the inverse temperature *β* is, the larger the contribution of absolute irreversibility.

Effect of imperfect projection {#Sec5}
------------------------------

Next, we investigate the effects of imperfect projection in the readout. With a weak readout pulse, the state of the qubit is not completely projected. It also gives less information gain for the feedback control. To evaluate the influence of the weak measurement, we add two more readout pulses to the pulse sequence (Fig. [3a](#Fig3){ref-type="fig"}). The TPM again starts with a projective readout with outcome *x*, but now the feedback control is performed based on the subsequent variable-strength measurement with outcome *k*( = g or e). Then, to project the qubit state before the feedback control, we apply another strong measurement to obtain outcome *y*( = g or e). Using these measurement outcomes, we calculate the stochastic QC-mutual information *I*~QC~(*x*, *k*, *y*) = ln *p*(*y*\|*k*) − ln *p*(*x*)^[@CR9]^. Here, QC indicates that the measured system is quantum and the measurement output is classical^[@CR2]^, and *p*(*y*\|*k*) is the probability of outcome *y* being obtained conditioned on the preceding measurement outcome *k*. The first term in *I*~QC~ quantifies the correction to *I*~Sh~ because of the imperfect projection. If the measurement for the feedback control is a QND projective measurement and there is no relaxation of the qubit, *p*(*y*\|*k*) becomes unity and *I*~QC~ reduces to *I*~Sh~. On the other hand, for the measurement with imperfect projection, the absolute irreversibility disappears, because such measurement no longer gives restriction on forward events. Therefore, we obtain *λ*~fb~ = 0. In this case, the generalized integral fluctuation theorem is reformulated as^[@CR9]^ (see also Supplementary Note [1](#MOESM1){ref-type="media"})$$\documentclass[12pt]{minimal}
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Figure [3b](#Fig3){ref-type="fig"} plots the statistical averages, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\left\langle {{\mathrm{e}}^{\beta W - I_{{\mathrm{QC}}}}} \right\rangle$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\left\langle {{\mathrm{e}}^{\beta W}} \right\rangle$$\end{document}$, evaluated from the measurement outcomes of the pulse sequence shown in Fig. [3a](#Fig3){ref-type="fig"}. For example, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\left\langle {{\mathrm{e}}^{\beta W - I_{{\mathrm{QC}}}}} \right\rangle$$\end{document}$ is experimentally obtained as $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathop {\sum}\nolimits_{x,k,y,z} {\kern 1pt} p\left( {x,k,y,z} \right)$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathrm{e}}^{\beta W(x,z) - I_{{\mathrm{QC}}}(x,k,y)}$$\end{document}$, where *p*(*x*, *k*, *y*, *z*) is the joint probability of observing a combination of the outcomes. By changing the amplitude of the readout pulse, which measures *k*, it is possible to continuously vary the post-measurement state from the projected state to a weakly disturbed state. Accordingly, the feedback error probability $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\epsilon _{{\mathrm{fb}}}$$\end{document}$ increases with decreasing the readout pulse amplitude. (See the Supplementary Note [2](#MOESM1){ref-type="media"} for details.) We see that $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\left\langle {{\mathrm{e}}^{\beta W - I_{{\mathrm{QC}}}}} \right\rangle$$\end{document}$ (blue circles), which involves the information gain due to the measurement, is almost unity regardless of the feedback error probability. The small deviation from unity is understood as the effect of the qubit relaxation during the TPM as indicated by the simulated result (black dots and gray lines interpolating them)^[@CR25]^ (see Supplementary Note [2](#MOESM1){ref-type="media"}). In contrast, the value $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\left\langle {{\mathrm{e}}^{\beta W}} \right\rangle$$\end{document}$ (red squares), which discards the information used in the feedback operation, clearly deviates from unity. For the weaker readout amplitude, however, the amount of information gain becomes less, and thus $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\left\langle {{\mathrm{e}}^{\beta W}} \right\rangle$$\end{document}$ becomes closer to unity. This situation corresponds to the integral fluctuation theorem in the absence of feedback control.
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Conversion efficiency {#Sec6}
---------------------

The conversion efficiency from the QC-mutual information $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta = \frac{{\left\langle W \right\rangle }}{{k_{\mathrm{B}}T\left\langle {I_{{\mathrm{QC}}}} \right\rangle }},$$\end{document}$$where we omit the contribution from the free-energy change by assuming Δ*F* = 0. As shown in the inset of Fig. [3c](#Fig3){ref-type="fig"}, *η* is 0.65 in the limit of $\documentclass[12pt]{minimal}
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                \begin{document}$$\epsilon _{{\mathrm{fb}}}$$\end{document}$ → 0 corresponding to the case with the projective measurement shown in Fig. [2](#Fig2){ref-type="fig"}.

The efficiency obtained with the projective measurement is to be compared with the following inequalities:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\left\langle W \right\rangle \le \left\langle W \right\rangle _{{\mathrm{PM}}} \le k_{\mathrm{B}}T\left\langle {I_{{\mathrm{Sh}}}} \right\rangle _{{\mathrm{PM}}} + k_{\mathrm{B}}T{\kern 1pt} {\mathrm{ln}}\left( {1 - \lambda _{{\mathrm{fb}}}} \right).$$\end{document}$$

The first inequality describes the fact that for a given protocol the extracted work with a proper projective measurement is superior to that obtained with an imperfect projection, which is demonstrated in Fig. [3c](#Fig3){ref-type="fig"}. On the other hand, the second inequality derived for *T* \> 0 from the fluctuation theorem Eq. ([1](#Equ1){ref-type=""}) represents the generalized second law of information thermodynamics (Supplementary Note [1](#MOESM1){ref-type="media"}). We find that the contribution from the absolute irreversibility sets the limit of the efficiency, given by *η* = 1 − \|ln(1 − *λ*~fb~)\|/$\documentclass[12pt]{minimal}
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                \begin{document}$$\left\langle {I_{{\mathrm{Sh}}}} \right\rangle _{{\mathrm{PM}}}$$\end{document}$, which is indicated by the dashed line in the inset of Fig. [3c](#Fig3){ref-type="fig"}. The experimental result demonstrates that our feedback scheme achieves the equality condition in Eq. ([4](#Equ4){ref-type=""}) and is optimal (though not ideal) in this sense.

Discussion {#Sec7}
==========

We have successfully implemented Maxwell's demon in a setup based on superconducting circuit quantum electrodynamics and verified the generalized integral fluctuation theorem in a single qubit. In the present work, the measurement outcome obtained by the demon was analyzed in terms of the Shannon and the QC-mutual information. On the other hand, the effect of the coherence can be investigated in a similar setup^[@CR26]^. By implementing the memory of the demon with a qubit^[@CR27]^, or a quantum resonator as demonstrated recently^[@CR28]^, one can characterize the energy cost for the measurement^[@CR29]^ or study feedback schemes maintaining the coherence between the system and the memory to improve the energy efficiency of the feedback. Superconducting quantum circuits further allow us to extend the study of information thermodynamics to larger and more complex quantum systems. It will lead to an estimation of the lower bound of the thermodynamic cost for quantum information processing.

Methods {#Sec8}
=======

Sample {#Sec9}
------

The transmon qubit has the resonance frequency *ω*~q~/2*π* = 6.6296 GHz, the energy relaxation time *T*~1~ = 24 μs, and the phase relaxation time $\documentclass[12pt]{minimal}
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                \begin{document}$$T_2^ \ast = 16$$\end{document}$ μs at the base temperature \~ 10 mK of a dilution refrigerator. The cavity has the resonance frequency *ω*~cav~/2*π* = 10.6180 GHz, largely detuned from the qubit, and the relaxation time 1/*κ* = 0.076 μs. The coupling strength between the qubit and the resonator is estimated to be *g*/2*π* = 0.14 GHz.

Pulse sequences {#Sec10}
---------------

The pulse sequences for the experiments in Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"} take about 2.5 and 4 μs, respectively. Each readout pulse has the width of 500 ns. The qubit excitation pulse and the feedback control pulse are both 20 ns wide. See the Supplementary Note [2](#MOESM1){ref-type="media"} for details. We take the statistics of the outcomes by repeating the pulse sequence about 8 × 10^4^ times, with a repetition interval 300 μs, which is much longer than the qubit relaxation time.

Data availability {#Sec11}
-----------------

All the data used in this study are available from the corresponding author upon reasonable request.
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